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Abstract
Enzymes that reduce the aldehyde chemical grouping
(i.e. H-C¼O) to its corresponding alcohol are probably
crucial in maintaining plant health during stress.
Succinic semialdehyde (SSA) is a mitochondrially-
generated intermediate in the metabolism of g-amino-
butyrate (GABA), which accumulates in response to
a variety of biotic and abiotic stresses. SSA can be
reduced to g-hydroxybutyrate (GHB) under oxygen
deﬁciency and high light conditions. Recent evidence
indicates that distinct cytosolic and plastidial glyox-
ylate reductase isoforms from Arabidopsis (desig-
nated hereinafter as AtGR1 and AtGR2, respectively)
catalyse the in vitro conversion of SSA to GHB, as well
as glyoxylate to glycolate, via NADPH-dependent
reactions. In the present report, the responses of GHB
and related amino acids, as well as NADP
+ and
NADPH, were monitored in leaves from Arabidopsis or
tobacco plants subjected to various abiotic stresses
(i.e. Arabidopsis during exposure to salinity, drought,
submergence, cold, or heat; tobacco during exposure
to, and recovery from, submergence). Time-course ex-
periments revealed that GHB accumulated in both
Arabidopsis and tobacco plants subjected to stress,
and that this accumulation was generally accompanied
by higher GABA and alanine levels, higher NADPH/
NADP
+ ratio, and lower glutamate levels. Furthermore,
the analysis of gene expression in Arabidopsis re-
vealed that the relative abundance of GR1 (salinity,
drought, submergence, cold, and heat) and GR2 (cold
and heat) transcripts was enhanced by the stress
tested. Thus, GHB accumulation in plants is a general
response to abiotic stress and appears to be regulated
by both biochemical and transcriptional processes.
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hydroxybutyrate, glyoxylate reductase, redox homeostasis,
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Introduction
Under some stress conditions, aldehydes can accumulate
in plants and react with DNA, oxidize membrane lipids,
modify proteins, or inﬂuence the transcription of stress-
related genes, thereby causing cellular and developmental
problems (Weber et al., 2004; Kotchoni et al., 2006).
Consequently, metabolic pathways and enzymes that
reduce the aldehyde chemical grouping (i.e. H-C¼O) to
its corresponding alcohol are probably essential for
maintaining plant health.
Succinic semialdehyde (SSA) is a mitochondrially-
generated intermediate in the metabolism of c-amino-
butyrate (GABA), which accumulates in response to
a variety of biotic and abiotic stresses (Bown and Shelp,
1997; Shelp et al., 1999). SSA is typically oxidized to
succinate (Tuin and Shelp, 1994; Bouche ´ et al., 2003), but
evidence for the reduction of SSA to c-hydroxybutyrate
(GHB) is also available (Breitkreuz et al., 2003), at least
under oxygen deﬁciency and high light (Allan et al.,
2003a, b; Breitkreuz et al., 2003; Fait et al., 2005).
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glycolate metabolism or photorespiration, a pathway be-
lieved to be particularly important under conditions of
high light and temperature (Wingler et al., 2000).
Glyoxylate is typically transaminated to Gly, but it can
also undergo reduction to glycolate (Givan and Klecz-
kowski, 1992). Recently, recombinant expression of
a cytosolic enzyme from Arabidopsis thaliana (L.) Heynh
(designated hereinafter as glyoxylate reductase 1 or
AtGR1; EC 1.1.1.79) revealed that it effectively catalyses
the in vitro NADPH-dependent reduction of both SSA and
glyoxylate (Hoover et al., 2007a). Part way through the
present study, the existence of a plastidial enzyme
(designated hereinafter as glyoxylate reductase 2 or
AtGR2) that catalysed the same reactions in vitro was also
demonstrated (Simpson et al., 2008).
Here, the responses of GHB and related amino acids
(GABA, Ala, Glu), as well as NADP
+ and NADPH, were
monitored in mature leaves from Arabidopsis or tobacco
plants subjected to various abiotic stresses (i.e. Arabidop-
sis during exposure to salinity, drought, submergence,
cold, or heat; tobacco during exposure to, and recovery
from, submergence) known to cause GABA accumulation.
Other amino acids that are associated with primary N
metabolism (Gln, Asp, Asn), photorespiratory N metabo-
lism (Gly, Ser), and stress (Pro) were measured in order to
gauge the broader impact of the stress. Furthermore, GR1
or GR1 and GR2 expression was monitored in Arabidop-
sis plants subjected to the various stresses. The results
indicate that GHB accumulation is a general response to
abiotic stress, and suggest that both redox balance and GR
isoforms are involved in the regulation of SSA detoxiﬁca-
tion in planta.
Materials and methods
Plant material
Arabidopsis thaliana (L.) Heynh ecotype Columbia seeds were
sown on Fox sandy loam (pH 6.5) in 5 cm pots, stratiﬁed at 4  Ci n
the dark for 48 h and grown under an 11 h photoperiod (06.00–
17.00 h) in environmentally-controlled growth chambers (Con-
trolled Environments Ltd., Winnipeg, Manitoba) set at 22/18  C
day/night temperatures, a photosynthetic photon ﬂux density of 150
lmol m
 2 s
 1 at the top of the pots (supplied by a combination of
cool white ﬂuorescent and incandescent lighting; Sylvania, Mis-
sissauga, Canada), and 65% relative humidity. Arabidopsis plants
were sub-irrigated with tap water as needed and fertilized once
weekly with 20-20-20 fertilizer. Tobacco (Nicotiana tabacum L. cv.
Samsun NN) plants were grown under a 16 h photoperiod (06.00–
22.00 h) in a greenhouse with supplemental lighting and tempera-
ture as described previously (Scott-Taggart et al., 1999). Seeds were
sown on Fox sandy loam soil (pH 6.5) in 5 cm diameter pots and
grown for 3 weeks. Seedlings were watered with tap water as
needed and fertilized once weekly with 20-20-20 fertilizer (Plant
Products Co. Ltd., Brampton, Ontario, Canada). Individual seed-
lings were transferred to 30 cm diameter pots containing the same
soil type, and grown for six more weeks with once daily watering
with tap water and bi-weekly fertilization with 20–20–20.
Arabidopsis exposure to drought, salinity, submergence, cold
or heat
Five different stresses (drought, salinity, submergence, cold, heat)
were individually applied in separate experiments. In all experi-
ments, pots were individually arranged in trays that were randomly
located within a single growth chamber; water and nutrients were
supplied via sub-irrigation, and treatments commenced when plants
were 18–27 d old. For the drought experiment, sub-irrigation was
withheld from one-half of the plants for up to 9 d, and plants were
harvested after 0–9 d at 11.00 h. For the salinity experiment, one-half
of the plants were sub-irrigated with 250 mM NaCl solution, with the
other half receiving tap water, and plants were harvested at 0–24 h
after ﬁrst light (06.00 h). For the submergence experiment, plants
were divided into two basins, one of which was ﬁlled with water at
ambient temperature. The basins were covered tightly with tinfoil,
and plants were harvested under dim light for up to 6 h, beginning at
11.00 h. For the cold and hot experiments, the plants were divided
into two covered basins at 11.00 h and 13.00 h, respectively; one
each was placed in a Kelvinator refrigerated cabinet set at 4  Co ra n
incubator (model 1535, VWR Scientiﬁc Products, Mississauga,
Canada) set at 40  C, and on the adjacent benchtop, and plants were
harvested at 0–6 h thereafter. In all experiments, the shoots were
rapidly frozen by dipping into liquid nitrogen for 10 s and then
clipped at soil level into liquid nitrogen. The rosette leaves were
separated from the stem and stored at –80  C until further analysis.
Each sample consisted of 3–4 replicates, containing 3–4 pooled
plants. While the submergence experiment was repeated in its
entirety, the results for one experiment are shown here.
Tobacco submergence and recovery
Beginning at 18.00 h, experimental plants were submerged in water
equilibrated to the temperature of the greenhouse, for up to 9 h and
then allowed to recover from the stress for a further 9 h.
Experimental and control plants were placed in 50 l garbage pails
with tight-ﬁtting lids for the duration of the experiment. Recovering
plants were transferred in the unlit greenhouse at 3, 6, and 9 h after
the onset of submergence from water-ﬁlled pails to dry pails. The
most fully expanded leaf was sampled from experimental and
control plants (n¼3 for each datum) over the 18 h time-course by
dipping that leaf into liquid nitrogen for 20 s and then snipping it
from the shoot directly into liquid nitrogen. All samples were
subsequently stored at –80  C until further analysis.
Extraction and analysis of GHB, amino acids,
and phosphorylated pyridine nucleotides
GHB and soluble amino acids were extracted from frozen leaves
(300 mg aliquot) and analysed by high performance liquid
chromatography essentially as described previously (Allan et al.,
2003a, b; Allan and Shelp, 2006). Total amino acids (TAA) were
estimated from the amino acid proﬁles. Phosphorylated pyridine
nucleotides (NADP
+, NADPH) were extracted from frozen leaf
tissue (50 mg aliquot) and assayed as described in Gibon and
Larher (1997) except for the following modiﬁcations. After the
neutralization of the acidic and basic extracts, 0.1 ml 16 mM
phenazine ethosulphate was added and the extracts were incubated
on ice for 30 min before being added to the assay solution. After the
enzyme-cycling assay was completed, the reactions were stopped by
adding 0.5 ml 6 M NaCl, followed by cooling on ice for 10 min.
These solutions were centrifuged for 5 min (10 000 g,4 C) and the
supernatant was carefully siphoned off. The pellet was then washed
in 1 ml distilled water and solubilized in 1 ml 96% cold ethanol,
and the absorbance of the formazan from 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide was determined at 570 nm.
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Quantitative real-time reverse transcription-polymerase chain reaction
(RT-PCR) was performed using the Platinum SYBR Green qPCR
SuperMix UDG (Invitrogen) with a Bio-Rad iCycler (Hercules, CA).
The following pairs of gene speciﬁc primers were used: GR1 gene
(5#-TCGTAGAAGGTCCGGTTTCA-3#,5 #-AAACTCCTTAGTTAGG-
GTCG-3#); GR2 gene (5#-AAG GAT ACC GGA GCC TTG TT-3#,
5#-TCCACTGTTCGGCGATATGC-3#) and the 18S ribosomal RNA
gene (5#-TCTGGCTTGCTCTGATGATT-3#,5 #-TCGAAAGTTGA-
TAGGGCAGA-3#). For analysis of gene expression for GR1 and
GR2 under stress, total RNA was isolated from the leaves of the
Arabidopsis plants under each experimental condition for each time
point and treated with Turbo DNase (Ambion, Austin, TX). For
cDNA synthesis 300 ng of total RNA was incubated with 1 llo f
random hexamer primers, brought up to 15 ll with RNase free water,
incubated at 75  C for 10 min and chilled on ice. Two microlitres of
103 reaction buffer, 40 units of RNase inhibitor (Ambion), and 10
nM dNTPs were added and then incubated at 25  C for 10 min. One
hundred units M-MLV reverse (Ambion) were added to bring the
ﬁnal reaction volume to 20 ll, then the reaction was incubated at 37
 C for 1 h and inactivated at 95  C for 10 min. Each quantitative
PCR reaction used 13 SYBR Green qPCR mix, 0.2 lM forward and
reverse primers and 1 llo fc D N Ai na2 0ll volume. All tubes were
subjected to 3 min at 95  C, followed by 40 cycles of 95  C for 20 s,
60  Cf o r2 0sa n d7 2 C for 20 s. SYBR Green absorbance was
detected at 72  C and all reactions were conducted in triplicate. GR1
or GR2 transcript abundance in each sample was normalized to the
corresponding level of 18S ribosomal RNA.
Results
Stress responsiveness of metabolites and
phosphorylated pyridine nucleotides in Arabidopsis
and tobacco
Six separate experiments were conducted, ﬁve with
Arabidopsis (salinity, drought, submergence, cold, and
heat) and another with tobacco (submergence). For those
involving Arabidopsis, the pool sizes of metabolites and
phosphorylated pyridine nucleotides in control plants
varied somewhat because of differences in plant age at
the beginning of the experiments, the duration of the
experiments, and the time of harvest (see Allan and Shelp,
2006). It is signiﬁcant that, where appropriate (i.e.
submergence, cold, heat), control plants were placed in
the dark to eliminate the complicating effects of the dark
environment that was superimposed during treatment.
With one exception (i.e. Arabidopsis during submer-
gence), leaf Pro accumulated in plants of both species
subjected to the various treatments, indicating that these
treatments initiated the stress response (Fig. 1). In all cases
and regardless of the plant species, the imposition of stress
increased the GHB concentration over the duration of the
time-course used. With only two obvious exceptions (i.e.
Ala under salinity, Glu under cold), the patterns for GHB-
related metabolites were consistent, with GABA and Ala
being positively related, and Glu being negatively related
with GHB. The patterns for other amino acids, as well as
TAA, were not consistent across the various stresses.
In three of the six experiments, the concentrations of
phosphorylated pyridine nucleotides were also determined
(Arabidopsis under cold or heat conditions, tobacco
during submergence) (Fig. 2). In these cases, the plants
exhibited a temporary increase in NADPH concentration
together with general decline in NADP
+, resulting in
enhanced NADPH/NADP
+ ratios over most of the time-
course.
Recovery of GHB and related metabolites,
and phosphorylated pyridine nucleotides in tobacco
after removal from submergence
In the submergence experiment with tobacco, plants were
removed from the stress at various times to test their
ability to recover within a subsequent 9 h period. When
plants were removed 3 h after submergence, the GHB
concentration decreased immediately in a linear fashion,
although it was still higher than that in control plants at
the end of the time-course (Fig. 3A). By contrast, the
concentrations of GABA and Ala continued to increase as
in submerged plants before declining to control values,
whereas the concentration of Glu exhibited a temporary
increase and then approached control values. Also, there
was a temporary increase in NADPH and NADPH/
NADP
+, which returned to control values; curiously
NADP
+ exhibited a longer term increase, followed by
a decline (Fig. 3B). Increasing the time of submergence
before transfer to air generally decreased the capacity of
plants to recover from the stress; particularly evident were
the unwavering GHB and NADPH concentrations and
ﬂuctuating NADPH/NADP
+ ratios at the end of the time-
course.
Stress responsiveness of GR transcripts
in Arabidopsis
In three of the ﬁve experiments involving Arabidopsis
(salinity, drought, submergence), GR1 transcript abun-
dance was determined (Fig. 4A), whereas in the other two
(cold and heat), the levels of both GR1 and GR2
transcripts were determined (Fig. 4B). In these cases, GR
transcript abundance was consistently higher in treated
plants than in control plants.
Discussion
Impact of abiotic stress on GABA, Ala, and redox
levels
GABA is a 4-carbon non-protein amino acid found in
virtually all prokaryotic and eukaryotic organisms (Shelp
et al., 1999). In plants, GABA is derived from Glu via the
enzyme Glu decarboxylase (GAD). GAD is a cytosolic
enzyme with an acidic pH optimum, which is stimulated
by the increasing cytosolic H
+ and Ca
2+ levels that often
accompany stress. Ca
2+ in turn forms a complex with
c-hydroxybutyrate and abiotic stress 2557Fig. 1. Response of metabolites in mature rosette leaves of Arabidopsis plants (A) and mature leaves of tobacco plants (B) subjected to salinity,
drought, submergence, cold or heat. Closed and open circles represent control and experimental plants, respectively. Data represent the mean 6SE;
where the bar is not shown, it is within the symbol. Note that the drought data only are expressed on a DM basis, rather than a FM basis. TAA
represents total amino acids.
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enzyme from autoinhibition and causing the accumulation
of GABA (Baum et al., 1993; Ling et al., 1994; Arazi
et al., 1995; Snedden et al., 1995, 1996). A large number
of studies have reported the accumulation of GABA and
the concomitant loss of Glu in plant tissues and transport
ﬂuids in response to many abiotic stresses, including
temperature shock, oxygen deﬁciency, cytosolic acidiﬁca-
tion, water stress and UV stress (Girousse et al., 1996;
Valle et al., 1998; Allan et al., 2003a, b; Bartyzel et al.,
2003/4; Breitkreuz et al., 2003; Fait et al., 2005; Ricoult
et al., 2005; Kato-Noguchi and Ohashi, 2006; Mazzuco-
telli et al., 2006; Kaplan et al., 2007; see also references
in Bown and Shelp, 1989, 1997; Shelp et al., 1999).
Moreover, antisense suppression of GAD results in the
accumulation of Glu in transgenic tomato fruit (Kisaka
et al., 2006). In the present report, oxygen deﬁciency
(submergence in water), water stress (salinity, drought) or
temperature stress (4  C, 40  C) caused similar changes
in the pool sizes of GABA and Glu in leaves of
Arabidopsis and tobacco plants; the only possible
Fig. 3. Recovery of GHB and related metabolites (A), as well as
phosphorylated pyridine nucleotides (B), in mature leaves of tobacco
plants after being subjected to submergence. The column headings
indicate the duration of submergence (3, 6, or 9 h) before transfer to air
for an additional 9 h. Data for control and submerged plants for the ﬁrst
9 h are taken from Figs 1B and 2B. Closed circles, open circles, and
closed triangles, respectively, represent control plants, submerged
plants, and plants returned to air after a period of submergence. Data
represent the mean 6SE; where the bar is not shown, it is within the
symbol.
Fig. 2. Response of phosphorylated pyridine nucleotides in mature
rosette leaves of Arabidopsis plants (A) and mature leaves of tobacco
plants (B) subjected to cold, heat or submergence. Closed and open
circles represent control and experimental plants, respectively. Data
represent the mean 6SE; where the bar is not shown, it is within the
symbol.
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 C (Fig. 1). It is noteworthy that all stresses tested, with
the exception of Arabidopsis under submergence, resulted
in the accumulation of Pro, ﬁndings that are consistent
with the impact of abiotic stress in the literature (Kaplan
et al., 2004, 2007).
SSA is produced from GABA via GABA transaminase
(GABA-T), an enzyme that can apparently utilize either
pyruvate or 2-oxoglutarate as an amino acceptor, resulting in
the production of Ala and Glu, respectively (Shelp et al.,
1995; Van Cauwenberghe and Shelp, 1999; Van Cauwen-
berghe et al., 2002). Evidence indicates that (i) Ala
accumulation, rather than Glu accumulation, typically occurs
in response to oxygen deﬁciency (see references in Bown
and Shelp, 1989, and Miyashita et al., 2007), (ii) the primary
role of an inducible Ala aminotransferase is to degrade Ala
when it is in excess, for example, during recovery from
oxygen deﬁciency (Miyashita et al., 2007), and (iii)
hypoxia-induced Ala accumulation is partially inhibited in
roots of gad1 and gaba-t1 knockout mutants (Miyashita and
Good, 2008), indicating that pyruvate-dependent GABA-T
reaction contributes to Ala formation during oxygen de-
ﬁciency. In the present paper, Ala accumulation accompa-
nied the accumulation of GABA during exposure to four of
the ﬁve stresses (the exception being salinity) (Fig. 1).
Since GABA-T appears to be mitochondrial (Breitkreuz
and Shelp, 1995; Van Cauwenberghe et al., 2002) GABA
probably enters the mitochondrion, where it is converted
to SSA, and then to succinate via an NAD-dependent SSA
dehydrogenase (SSADH) (Breitkreuz and Shelp, 1995;
Busch and Fromm, 1999). Biochemical characterization of
plant SSADH revealed strong inhibition by NADH, as
well as ADP and ATP (Busch and Fromm, 1999). Thus,
under stress conditions such as oxygen deﬁciency, when
the mitochondrion exhibits higher ratios of NADH:NAD
+
and ADP:ATP, SSADH activity is probably restricted,
contributing to the accumulation of SSA and feedback
inhibition of GABA-T (Shelp et al., 1995; Busch and
Fig. 4. Response of GR transcripts in mature rosette leaves of Arabidopsis plants subjected to salinity, drought, submergence, cold, or heat. Closed
and open circles represent control and experimental plants, respectively. Data represent the mean 6SE; where the bar is not shown, it is within the
symbol.
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Loss-of-function ssadh mutants are phenotypically less ﬁt
than wild-type Arabidopsis, exhibiting dwarf stature and
less leaf area and chlorophyll concentration (Bouche ´ et al.,
2003). When these mutant plants are exposed to abiotic
stresses, speciﬁcally high UV light and high temperature,
they develop necrotic lesions and produce elevated levels
of hydrogen peroxide, which is a reactive oxygen species.
Stress can cause the inﬂux of Ca
2+ and H
+ into plant
cells, thereby activating a number of metabolic pathways
such as that involving GABA (Shelp et al., 1999;
Buchanan et al., 2000). In addition, Ca
2+/calmodulin
activates NAD kinase, an enzyme responsible for adding
phosphate to NAD
+ or NADH to make NADP
+ and
NADPH, respectively (Harding et al., 1997; Hunt et al.,
2004). In stressed plants, NADPH is required as a substrate
for NADPH oxidase, a membrane protein that generates
reactive oxygen species and results in activation of many
stress tolerance genes and pathways in plants (Hunt et al.,
2004). A balanced NAD(P)H:NAD(P)
+ ratio is essential
for efﬁcient functioning of the electron transport chains on
the mitochondrial and chloroplast membranes (Noctor,
2006). In the mitochondrion and chloroplast, NAD(P)
+
acts as an electron acceptor for generating NAD(P)H,
and, when these reducing equivalents accumulate under
oxidative stress, damage could occur due to limited
availability of the NAD(P)
+ (Scheibe et al., 2005). Our
studies conﬁrmed that the NADPH/NADP
+ ratios increase
in response to oxygen deﬁciency and temperature stress
(Fig. 2), and provide support for the involvement of redox
balance in the response to stress.
GHB accumulation is a general response to abiotic
stress
Other research suggests an additional coping mechanism
for the detoxiﬁcation of SSA, which involves its reduction
to GHB. In animals, GABA functions as a signalling
molecule during neurotransmission. Like plants, GABA in
humans is catabolized in mitochondria to provide succi-
nate to the Krebs cycle through an oxidative pathway
(Maitre, 1997). Under oxygen deﬁciency, SSA is diverted
to the production of GHB (Mamelak, 1989), a reaction
catalysed via the enzyme SSA reductase, which is
localized in the cytosol and uses NADPH as a cofactor
(Schaller et al., 1999). GHB, a short chain fatty acid
similar in structure to GABA, is normally present at about
1% of the GABA level (Pearl et al., 2003). This reductive
pathway is proposed to minimize energy demands of the
brain under stress (Mamelak, 1989). Accumulation of
GHB in the brain due to a non-functional SSADH (i.e.
recessive disorder called GHB aciduria) is associated with
progressive mental retardation in humans. This phenotype
is thought to be attributed to GHB competition with
GABA for GABA receptors in the brain, thereby disrupt-
ing normal neural transmission (Pearl et al., 2003).
The ﬁrst evidence for the occurrence of GHB in plants
was presented in 2003 (Allan et al., 2003a, b; Breitkreuz
et al., 2003). Oxygen deﬁciency increases GHB concen-
trations from about 10 to 155 nmol g
 1 FM in soybean
sprouts, and from 273 to 739 nmol g
 1 DM in green tea
leaves (Allan et al., 2003a). A cDNA [initially designated
as c-hydroxybutyrate dehydrogenase, but later renamed
glyoxylate reductase 1 (GR1; Hoover et al., 2007a)],
which encodes a 289 amino acid polypeptide, was
identiﬁed via complementation of an SSADH-deﬁcient
yeast mutant with an Arabidopsis cDNA library (Breitk-
reuz et al., 2003). Overexpression of the cDNA enables
growth of the mutant yeast on GABA and results in the
accumulation of GHB. Furthermore, the concentrations of
GHB and GABA increase in Arabidopsis plants during
submergence, a condition that should increase the cellular
NADH:NAD
+ ratio, thereby inhibiting SSADH activity.
Other work revealed that (i) ssadh mutant Arabidopsis
plants, grown under high UV light, have ﬁve times the
normal level of GHB and high levels of ROS (Fait et al.,
2005), and (ii) the pattern of GHB in cold-acclimated
Arabidopsis plants is consistent with the rise and fall of
GABA (Kaplan et al., 2007). The present study provided
the ﬁrst evidence for GHB accumulation in response to
water stress (salinity, drought) and heat stress, and
conﬁrmed that GHB accumulates under oxygen deﬁciency
(submergence) and cold stress (Fig. 1). Together, these
data indicate that GHB accumulation is a general response
to abiotic stress.
Recovery of metabolite and redox levels after
exposure to abiotic stress
Wallace et al. (1984) reported that changes in amino acid
composition of leaﬂets of soybean plants exposed to 6  C
for 8 min are fully reversible within 1 h after being
returned to their original growing conditions at 33  C.
Recently, Miyashita et al. (2007) showed that Ala levels
in Arabidopsis plants return to normal within 24 h
following a 24 h period in 5% oxygen; GABA was not
assayed and Glu was unaffected by the stress. In the
present study, the levels of GABA, Ala, GHB, and
phosphorylated pyridine nucleotides (but not Glu) in
mature tobacco leaves approached normality within 9 h
following a 3 h period of submergence; 9 h was clearly
inadequate for the recovery of metabolite and redox levels
after 6 or 9 h of submergence (Fig. 3).
Role of GR isoforms in detoxiﬁcation of SSA
and glyoxylate
Recently, Hoover et al. (2007a) expressed the Arabidopsis
GR1 cDNA in E. coli and puriﬁed the recombinant protein
to homogeneity. Kinetic studies conﬁrmed that the protein
reduces SSA to GHB (Km¼0.87 mM) in an NADPH-
dependent and essentially irreversible reaction.
c-hydroxybutyrate and abiotic stress 2561Unexpectedly, further tests of substrate preference
revealed that the protein also reduces glyoxylate (Km¼4.5
lM), with a 250-fold greater preference than for SSA. The
enzyme is dramatically inhibited by NADP
+, but not GHB
(Hoover et al., 2007b). A combination of web-based and
recombinant expression tools revealed the existence of
a highly homologous protein, designated as AtGR2, which
also catalyses the irreversible, NADPH-dependent reduc-
tion of both SSA and glyoxylate to glycolate; GR2 has
a 350-fold higher preference for glyoxylate than SSA, but
the afﬁnity for both substrates was an order of magnitude
lower than that for GR1 (Simpson et al., 2008). Analysis
of the transient expression of recombinant GR1 and GR2
in tobacco Bright Yellow 2 suspension cells revealed that
they are localized to the cytosol and chloroplast, re-
spectively (Simpson et al., 2008). These results are
consistent with earlier biochemical evidence, which
revealed the existence of distinct cytosolic (Km for
glyoxylate of 70–100 lM) and chloroplastic (Km for
glyoxylate of 85 lM) NADPH-dependent GRs in spinach
(Kleczkowski et al., 1986; also see referencess in Givan
and Kleczkowski, 1992). Also, the results lend support for
the hypothesis that any glyoxylate escaping transamina-
tion to Gly in peroxisomes during photorespiration is
scavenged (Givan and Kleczkowski, 1992; Hoover et al.,
2007a; Simpson et al., 2008), thereby preventing the
deactivation of the primary photosynthesis enzyme,
ribulose bisphosphate carboxylase/oxygenase, by glyoxy-
late (Campbell and Ogren, 1990).
Analysis of speciﬁc gene expression using DNA micro-
array technology or quantitative real-time RT-PCR,
revealed that the abundance of GAD1, GABA-T1, and Ala
aminotransferase1 transcripts is often elevated in plants
subjected to low oxygen, water deﬁcit or salinity (Klok
et al., 2002; Cramer et al., 2007). One study, which used
semi-quantitative RT-PCR, indicated that the global
expression of several putative homologues of GAD and
GABA-T are induced in barley during cold acclimation,
but only in a frost-resistant cultivar is it maintained during
subsequent freezing (Mazzucotelli et al., 2006). Another
study utilized micro-array analysis to investigate gene
expression in cold-acclimated Arabidopsis; increases in
the transcript levels of two GAD genes precede the peak
in GABA, thus demonstrating a characteristic transcript
abundance-regulated response (Kaplan et al., 2007).
GABA-T transcript abundance is unchanged during cold
acclimation, whereas SSADH transcript abundance peaks
after GABA and succinic semialdehyde reductase (pre-
sumably this identiﬁcation is based on our earlier
manuscript; Breitkreuz et al., 2003) is slightly down-
regulated. Unfortunately, in these two studies it is unclear
whether the control plants can adequately account for the
conditions present during plant exposure to the cold
treatment (i.e. dark). Rice GABA-T expression, as in-
dicated by northern blot analysis, is induced by UV and
abscisic acid, as well as blast fungal infection, mechanical
damage, and salicylic acid, which are commonly associ-
ated with biotic stresses (Wu et al., 2006). Previous
research from our laboratory suggested that the accumula-
tion of GABA and GHB in Arabidopsis during sub-
mergence can not be attributed to the abundance of
GABA-T and GR1 transcripts, as determined by relative
RT-PCR (Breitkreuz et al., 2003).
In the present study, quantitative real-time RT-PCR was
utilized to improve the speciﬁcity, sensitivity, and re-
liability of the gene expression analysis (Gachon et al.,
2004), and the transcript abundance of GR1 or GR2 in
Arabidopsis was consistently enhanced in response to the
various abiotic stresses tested (submergence, drought,
salinity, cold, heat) (Fig. 4). Since these abiotic stresses
are clearly associated with the accumulation of both
GABA and GHB, the results support the hypothesis that
GR1 and GR2 are involved in the detoxiﬁcation of SSA in
planta, despite their higher afﬁnity for glyoxylate than for
SSA in vitro (Hoover et al., 2007a; Simpson et al., 2008).
Currently, knockout mutants and additional environmental
conditions (i.e. high light and temperature, altered CO2/O2
ratio) that inﬂuence photorespiration are being utilized in
our laboratory to resolve the roles of GR1 and GR2 in the
detoxiﬁcation of SSA and glyoxylate in plants.
Summary
The aldehyde chemical grouping confers high reactivity
on molecules (Bartels, 2001; Kotchoni et al., 2006). Thus,
it is believed that: (i) aldehydes that accumulate under
some stress conditions are highly toxic, reacting with
DNA, oxidizing membrane lipids, and modifying proteins
(Kotchoni et al., 2006), or inﬂuencing the transcription of
stress-related genes (Weber et al., 2004), thereby causing
cellular and overall developmental problems in the plant;
and (ii) the induction and operation of reductases under
stress conditions should contribute to eradication of
aldehydes and redox homeostasis (Oberschall et al.,
2000; Sunkar et al., 2003). Here, the imposition of abiotic
stress on plants was associated with the accumulation of
GHB, the product of SSA reduction, as well as altered
redox levels and the induction of GR1 and GR2 genes.
Thus, GHB levels appear to be regulated by a combination
of biochemical and transcriptional processes. In future,
GR1 and GR2 will be overexpressed in Arabidopsis in an
attempt to genetically engineer improved abiotic stress
tolerance.
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